We have shown that the B − L generation due to the decay of the thermally produced superheavy fields can explain the Baryon assymmetry in the universe if the superheavy fields are heavier than 10 13−14 GeV. Note that although the superheavy fields have non-vanishing charges under the standard model gauge interactions, the thermally prduced baryon asymmetry is sizable. The B − L violating effective operators induced by integrating the superheavy fields have dimension 7, while the operator in the famous leptogenesis has dimension 5. Therefore, the constraints from the nucleon stability can be easily satisfied. *
Introduction
To understand the origin of Baryon number B in the universe is one of the most interesting subjects in the particle cosmology. The abundance of the Baryon in the universe is estimated by the nucleosynthesis analysis [1] and is observed by the WMAP [2] , and it is quite impressive that they have given the consistent value for the Baryon density in the universe, which is roughly n B s ∼ 10 −10 ,
where n B and s are the Baryon number density and the entropy density, respectively. After Sakharov [3] pointed out the three conditions for the generation of the Baryon number B in the universe, many mechanisms for baryogenesis have been studied in the literature [4, 5, 6, 7] . One of the most attractive scenario for the baryogenesis is the GUT baryogenesis [4] in which the decay of superheavy gauge bosons and Higgs appeared in the GUT produces the baryon number. Unfortunately, the produced baryon number is known to be washed out by the sphaleron process [8] in the standard model (SM). Since the sphaleron process conserves the B − L number, it is important to produce non-vanishing B − L number. The most famous scenario to produce B − L number is the leptogenesis [5] , in which the lepton number L is produced by the decay of the right-handed neutrino. Especially, thermal leptogenesis, in which the lepton number is produced by the decay of the right-handed neutrino produced thermally, is one of the most interesting scenario because the observed baryon number can be related with the measurements on neutrino masses and mixings. However, since the scenarios in which the thermal leptogenesis can be applied are limited, other possibilities to produce the B − L number are worth considering. In this paper, we study the B − L production by the decay of certain superheavy fields with intermediate masses, which can be a remnant of some GUT models.
B − L Violating Interactions
In the SM, the renormalizable operators cannot break the B and L numbers. Therefore, the non-conserving interactions appear in the higher dimensional operators whose mass dimensionis larger than four. For example, the dimension five operators llh D h D between the doublet lepton l and the doublet Higgs h D have non-vanishing B − L charges and give neutrinos masses. The dimension 6 operators qqu c † R e c † R break the B and L numbers, which can induce the proton decay. (For our notation of the particle contents, see Table 1 Fig.1 . The right-handed neutrino plays an important role in the leptogenesis scenario. And the X gauge boson also plays a crucial role in the GUT baryogenesis. Therefore, in order to produce B − L number, it must be important to understand which superheavy particles can induce the B − L violating higher dimensional operators. Now, we discuss on other B − L violating operators than llh D h D . In the literature, in the context of the nucleon decay, B and/or L violating operators have been classified in the SM [9] and in the minimal supersymmetric SM (MSSM) [10] . In the SM, there is no dimension six B − L non-conserving operator. It is in dimension seven that we can find out B − L non-conserving operators under the SM gauge interactions. (In Fig.3 , the superheavy field A has charges of (3, 2) 7/6 under SU(3) C × SU(2) L × U(1) Y , which belongs to 45 of SU (5).) It is obvious that the superheavy scalars whose representations are 10 or 5 also induce the other B − L violating operators. Therefore, we can consider the B −L generation by the decay of the superheavy scalar fields which belong to 10 and/or 5 of SU(5). We will return to this scenario in the next section.
If the superheavy fields are fermions, these operators must be decomposed as three fermions and one fermion. For example, the operator 10 ·5 ·5 ·5 · 5 s can be decomposed as
For the former decomposition, the superheavy fermions belong to 1 or 24, and for the latter, they belongs to 10 and the complex conjugate. Actually the right-handed neutrinos which belongs to 1 of SU(5) can induce some of these operators. Though it must be possible to induce non-vanishing B −L number by the decay of these superheavy fermions, we do not discuss this possibility in more detail. We may return to this subject in future ‡ .
In this section, we have decomposed the dimension seven B −L violating operators into two parts. By this decomposition, we can address the generation of the B − L number by the decay of the intermediate superheavy fields. Though some of the operators obtained by the decomposition have still higher dimension than four, we do not decompose them further because we do not need the origin of the operators to discuss B − L generation.
B − L Number Generation in the Early Universe
In this section, we study the B − L generation by the decay of the superheavy scalar fields.
First, let us fix the particle contents. As discussed in the previous section, some additional fields are needed, and we introduce bosons denoted as Q, U c , D c , E c , L whose ‡ If the superheavy fields are vector, these operators must be decomposed as two parts which include fermion and anti-fermion. Such decomposition is possible for the operator 10 · 10 ·5 † ·5 † · 5 † s . Actually, the vector bosons which belong to 10 of SU (5) can induce the operator. 
where we omited the indices of spinor, gauge of SU(2) and SU(3) for simplicity. It is interesting that the B − L number of the final states by the decay of Q, U c , E c , D c , L is a fixed value for each superheavy fields and each dimension of the interactions as in Table  2 . Since the B − L number of the final states induced by the dimension four interactions is different from that by dimension five interactions, the decay can produce non-vanishing B − L number.
For the estimation of the B − L number, it is useful to calculate the mean net B − L number ǫ; where i is the initial decay particle with mass of m i , which contains Q, U
Therefore, in order to obtain the B number in a comoving frame B ≡ n B s
, we have to know ǫ i and n i . Fig. 4 , we obtain ǫ i as
(See Appendix for the detail calculation. As an example if we take i = Q and j = U c , the summation becomes
Once we fix the concrete fields as i and j, the factor due to the number of freedom in the loop is appearing. We just ignore it in the following for simplicity.) Γ i is the total decay width;
where the first term is the contribution from the two body decay, and the second term is from the three body decay. Function f in (3.3) is the loop function as follows;
If m i ∼ m j but m i < m j , then the function f is rougly O(0.1).
Supposing that the only one coupling dominates the others for each i particle and for each dimensional operator. Namely, there are four couplings, y i , y j , λ i , and λ j . Then, the eqs. (3.3) and (3.4) can be rewritten as
Moreover, if we take y ≡ |y i | ∼ |y j | and λ ≡ |λ i | ∼ |λ j | and the branching ratio of two body decay is comparable to that of three body decay, i.e., y ∼ m i λ/(4 √ 6πΛ), then we can obtain simpler equations as
where
Next, let us estimate the abundance of the i particle, n i , and the Baryon number in a comoving frame B in the following two cases. In the first case, the particle i is thermally produced, the freeze out occurs when the particle i is still relativistic, and no entropy is produced by the decay (case A). (Therefore, we assume that the reheating temperature due to the inflation is larger than the mass of the superheavy particle i. We discuss whether the particle i is still relativistic or not at the freeze out in section 4.) Then,
, where the entropy density s is obtained as s = 2π 2 45 g * S T 3 and g ef f is the number of freedom of i. Therefore, we can obtain
where in the last similarity we use eq. (3.10), f sin δ ∼ 0.1, g * S ∼ 100, and g ef f ∼ 6 for i = Q. Therefore,
is required to obtain B ∼ 10 −10 . An additional condition Γ i > σv i n i is required so that the estimation n B−L ∼ ǫ i n i is valid, where σ and v i are the cross section of the annihilation process and the velocity of the particle i, respectively. If
Here, the decay temperature T D is defined by the temperature of the universe when the age of the universe is around the lifetime of the particle i, which is given by As the second case (case B), we consider the situation in which the density of i andī fields dominates the density of the universe. Generically, thermal abundance of the heavy particle with long lifetime becomes large and sometimes dominates the energy density of the universe. Then,
where ρ i , ρī, n i , g * , and T R are the energy density of i field, that ofī field, the number density of i field, the total number of effectively massless degrees of freedom, and the temperature after the i andī field decay, respectively. The B − L number in a comoving volume is given as
After the sphaleron process, the B number in a comoving volume is given as
where we took g * ∼ g * S . Therefore, the Baryon number is given by B = 3 128π
where the last similarity is given by taking f sin δ ∼ 0.1 and g * = O(100). Roughly, if we take y 
When m i ∼ 10 14 (10 16 ) GeV, the eq. (3.19) results in y ∼ 2(4) × 10 −3 . Then Γ i ∼ 2 × 10 −7 (7 × 10 −6 )m i ∼ 2 × 10 7 (7 × 10 9 ) GeV, and therefore, T R ∼ 3 × 10 12 (7 × 10 13 ) GeV. The higher dimensional coupling is given as λ/Λ ∼ 4 √ 6πy/m i ∼ 6 × 10 −16 (10 −17 )(GeV) −1 .
In this section, we have shown that the Baryon asymmetry in the universe can be explained by the B − L production by the decay of some superheavy particle which can exist in some GUT models. .
Discussion and Summary
The initial density of the superheavy fields may be produced non-thermally like the preheating [11] and dominate the density of the universe. But here we consider the thermal abundance of the superheavy fields. If we take σv i ∼ 0.01 Table 3 : Thermal abundance Y i with y = 0.
106.75, and g ef f = 1, then the numerical calculation shows that when the mass m i is larger than 10 14 GeV the number density of the i particle behaves like hot relics as Y i ∼ 2 × 10 −3 as in Table 3 . In the numerical calculation, we used Boltzmann equations with Maxwell-Bolzmann approximation for the distribution function. Therefore, for this mass range, the calculation in case A is reasonable. But if
, then the calculation in case B is preferable because of the entropy production due to the decay of the particle i. Therefore, we conclude that thermal abundance of the superheavy fields is sufficient to explain the Baryon assymmetry in the universe. One of the point is that since the particles are superheavy, the Hubble expansion rate becomes so high that even gauge interactions can be out of equilibrium and not affect the generation of asymmetry. This is quite different from the usual leptogenesis.
If one of the right-handed neutrino masses is smaller than the decay temperature and 10
12 GeV at which the sphaleron process becomes thermalized, then the produced B − L number is washed out by the equilibrium of the B − L violating neutrino process and the shaleron process [12] . Therefore, the mass of the right-handed neutrinos must be larger than the decay temperature in order to obtain the Baryon assymmetry by this mechanism if the right-handed neutrino is lighter than 10 12 GeV.
The B −L violating dimension 7 interactions via the superheavy fields, whose couplings are yλ/(m 2 i Λ), can induce the instability of the nucleon. However, the contribution is negligible because the effective dimension 6 couplings become very small as yλ h D /(m
In this paper, we do not introduce the supersymmetry(SUSY), but the extension to the SUSY models is straightforward. In some SUSY GUT models [13] , there may be superheavy fields, 10+10, 24, and 5+5 of SU (5), some of which may produce the Baryon assymmetry in the universe, though the serious gravitino problem must be taken into account [14] .
In this paper, we have studied the possibility that the decay of the superheavy particles, which may be induced in grand unified theories as extra fields, produces the non-vanishing B − L number, which converts to the Baryon assymmetry by the shaleron process. We have shown that if the mass of the superheavy field is larger than 10 13−14 GeV, the Baryon assymmetry in the universe can be explained by the decay of the superheavy field with appropriate couplings. where F is loop function. On the other hands, the amplitude for the anti-particle can be obtained by taking hermite conjugated couplings from the amplitude for the particle; where f is the function defined by (3.6) . Note that the function F is diverging but ImF becomes finite. This is because the imaginary part can be estimated just by tree diagrams if Cutkosky rules are applied.
Finally, we can obtain the mean net B − L number using (A.5), (A.16) and (A.17); 
